SUMMARY The findings in the preceding paper on pages 773-778 are reviewed and the possible causes of error revealed by them are analysed.
There are now on record at least four studies in which the results obtained by numerous different laboratories in testing the antibiotic sensitivity of given cultures have been compared. Either pure cultures (Journal of Medical Laboratory Technology, 1960 ; College of Pathologists of Australia, 1968) or clinical specimens (Association of Clinical Pathologists, 1965 ) have been sent for testing by whatever method each laboratory favoured; in another study (Beaney, Goodwin, Jones, Winter, and Sippe, 1970) cultures were circulated for testing by a prescribed method. Comparison ofthefindings showed numerous discrepancies. When, for instance, 34 laboratories report an organism to be sensitive to a certain antibiotic and 26 find it resistant, one of these sets of reports must be wrong.
The reason for an erroneous finding can only be either in the method used, in its execution, or in its interpretation. An inquiry into methods should therefore be of interest, and the most extensive yet in this country-and probably indeed anywhere-is reported in the preceding paper (Castle and Elstub, 1971) . Analysis of replies to a questionnaire shows a consistent lack of uniformity in every detail of technique in performing the disc test. Various culture media are used: the inoculum varies from light to ' Now retired. Please address requests for reprints to P.M.W. 'Present address: Department of Clinical Pathology, University College Hospital, London, WCI.
Received for publication I I August 1971. heavy and is not always regulated at all; methods of spreading it vary, and that most favoured is the one least capable of ensuring uniform distribution. Disc contents employed vary widely, and an extraordinary variety of antibiotics and other antibacterial drugs is tested. Perhaps the most disturbing feature is the frequent absence of controls. Unless every factor affecting the result of a test is rigidly standardized, in the way attempted in two methods about to be described, it should be interpreted by comparison with a culture of known normal sensitivity.
Towards a Uniform Method
It has been recognized for years that the general adoption ofa method so standardized as to minimize the influence of variables would be a great advance. Two moves in this direction have been in progress for some time, in which the methods proposed are very similar.
One is the Kirby-Bauer method (Bauer, Perry, and Kirby, 1959; Bauer, Kirby, Sherris, and Turck, 1966; Anderson, 1970) , which is widely and increasingly practised in the United States, and is understood to be undergoing consideration for official adoption in that country. This employs the Mueller-Hinton medium, and the bacterial suspension used for inoculation is adjusted to an opacity standard, although since inoculation is with a swab, the size and mode of 779 L. P. Garrod and Pamela M. Waterworth use of this can evidently affect the weight of inoculum considerably. The resulting growth is confluent. A single disc only is used for each antibiotic, and most of their contents are high, giving zones of inhibition of a size necessitating the use of plates 15 cm in diameter containing 80 ml of medium. Inhibition zones are measured and interpreted from tables stating limits of diameters for full and intermediate sensitivity and resistance to each antibiotic.
The second method, based largely on that originally described by Ericsson (1960) , is proposed by a working group of WHO which has been engaged in an international collaborative study for nearly 10 years (Ericsson and Sherris, 1971) . This report defines two dilution methods as well as a disc method. The latter is proposed as either a routine method or a reference method whereby the validity of an existing routine method can be tested. It uses large plates of Mueller-Hinton medium with 5 % sheep's blood, an inoculum yielding 'dense but not completely confluent growth' and high content discs (only those for five groups of antibiotics and for chloramphenicol are actually specified). Zones are measured, and can be translated into the minimum inhibitory concentration (MIC) by reference to regression lines (plots of zone diameters against MIC for organisms of differing degrees of sensitivity). This enables the organism to be placed in a category of sensitivity by reference to tables of 'break-points' (in terms of MIC) separating these categories. This process is simplified in instructions for this test issuedin Sweden kindly supplied to us by Dr Hans Ericsson. Scales are provided in this for each antibiotic on which a caliper reading of zone diameter can be directly read as indicating 'sensitive', 'fairly sensitive', 'slightly sensitive', and 'resistant'. The report also recommends that national reference laboratories should issue full instructions on methods and their interpretation in each country, and it is understood that France, Germany, and the United States as well as Sweden are engaged in implementing this proposal. In view of these developments it appears necessary that the pros and cons of adopting:a test of this type should be officially considered in Great Britain.
It should be clearly understood that the preparation of satisfactory regression lines is an enormous task, and that they are only valid for tests on precisely the same medium as that used in constructing them. Those who are now asking disc manufacturers to provide them with regression lines are presumably unaware of this.
The general adoption of either of these methods would greatly improve the reliability of reporting, but it may be questioned whether they provide the best solution of the difficulty. Their validity depends on rigid standardization of every feature of the test, including particularly the composition of the medium, and it will be shown later in this paper that the composition of the medium recommended for both tests varies considerably. It is also difficult to standardize the inoculum, and it may be questioned whether some laboratories whose methods are most in need of reform will always trouble to regulate it by comparison with an opacity standard. Another serious objection is cost. At present prices in this country the cost in materials (medium and dishes) for a test on large plates is almost exactly three times that for one using a Petri dish of ordinary size. General adoption of such a method would thus involve a considerable outlay to add to the present soaring costs of the National Health Service. In present circumstances this would be justifiable only ifno more economical improvement could be devised.
A further objection has less force, since it only applies if such a test is misinterpreted, as it certainly sometimes will be. High content discs produce large zones of inhibition even of resistant organisms: in the 'zone size interpretative chart' for the KirbyBauer method (Anderson, 1970) 
SULPHONAMIDE
Even with the addition of lysed horse blood, the zones on LLP are smaller than on the other three media and their edges are indistinct. Oxoid diagnostic sensitivity test agar has a low inhibitor content, and the addition of as little as 2% lysed blood is enough to neutralize it. Wellcotest sensitivity test agar is inhibitor-free, and no addition of blood is necessary. We have examined MH from three different manufacturers, and found considerable differences in their inhibitorcontent, one product not being cleared even by the addition of 4% lysed blood, small colonies of some species occupying the entire inhibition zone. These observations confirm those of S. R. M. Bushby (personal communication) who found similar variations not only between supplies of MH from different manufacturers, but between batches prepared in his own laboratory. Media suitable for tests of sulphonamides are equally so for trimethoprim.
Gentamicin zone sizes differ little in Table I , but in tests of Ps. aeruginosa the composition of medium affects the result very considerably, the difference being probably attributable to the magnesium content of the agar used (Garrod and Waterworth, 1969) . Table II cultures of this organism were much larger on Weilcotest (differences of 10-14 mm) than on LLP or DST, diameters on MH being intermediate. Starch also had an effect on zone size with this species, its addition to LLP increasing the diameter of the zones, and with some but not all strains reducing the minimum inhibitory concentration. Similar effects were seen with cephalothin and cephalexin.
APPEARANCE AT ZONE EDGES
A clearly defined zone edge is necessary for accurate measurement. Tetracycline produces indefinite edges, particularly on LLP and to a lesser extent on WST and DST, but a fairly welldefinededge on MH (Fig.  2) . lIn contrast, zones produced by aminoglycosides in cultures of E. coli on MH are either indefinite, or as seen in Fig. 2 are double, there being an inner zone of diminished growth. These zones are clearest on Wellcotest.
TESTS WITH METHICILLIN
No values for methicillin are given in Table I , because it is now recognized that resistance to this drug cannot satisfactorily be demonstrated by the usual method. We fully accept the contention of Hewitt, Coe, and Parker (1969) that it should be tested for with a 10 jig disc on a plate incubated at 30°C. (An alternative is a test on medium containing 5 % NaCl.) It is also fairly widely recognized that a test for methicillin resistance should be taken to apply to other penicillinase-resistant penicillins and cephalosporins, and that tests with these drugs themselves give misleading results.
A test of a methicillin-resistant strain of Staph. aureus with discs of methicillin, cloxacillin, and flucloxacillin is shown in Figure 3 . In a plate incubated at 30°there is growth almost up to the disc of methicillin, whereas there are large clear zones around discs of clox-and flucloxacillin, strongly suggesting full sensitivity. That this organism nevertheless is resistant to these two drugs is shown by the MIC determinations in Table III Figure 3 . This difficulty is not overcome by reducing the amount of cloxacillin in the disc so as to bring the contents of this and the methicillin disc into a similar relation to the minimum inhibitory concentration.
Hewitt, Coe, and Parker found that the use of 2 ,ug cloxacillin discs 'gave little improvement'. The reason for the different behaviour of these drugs in diffusion tests remains unexplained, but whatever differences may be seen in vitro it is agreed that clinically they show cross resistance.
DISC CONTENTS
The object of the experiments in Table I There has been much discussion whether discs with a single content will serve all purposes. The use of a single disc is required in' the Kirby-Bauer method, but Ericsson and Sherris (1971) acknowledge that two contents may be advisable for penicillin, ampicillin, and carbenicillin. We agree that in testing drugs, of which the dosage is elastic, and the concentrations attainable, particularly in the urine, are A study of antibiotic sensitivity testing with proposals for simple uniform methods high, a high-content disc is required for detecting lower degrees of sensitivity. The range of sensitivity to penicillins compatible with successful treatment is also so wide, and the inhibition zone of a fully sensitive organism produced by a disc of only moderate content is so large, that discs of at least two contents are clearly required. Penicillin, ampicillin, and cephaloridine give very large zones with highly sensitive cocci even when the disc content is only 1 or 2 ,tg, but it seems inadvisable to reduce the content further.
We question the need for the regular use of a higher content disc of penicillin; the only common Gram-positive organism requiring this is Strept. faecalis and sensitivity in this organism differs little from that to ampicillin. Such Gram-negative organisms as E. coli, Proteus, and H. influenzae are more sensitive to ampicillin, and only their sensitivity to this antibiotic is usually of interest. We also doubt the need for more than one disc content of carbenicillin. The position of this antibiotic is exceptional. There is cross-resistance between it and ampicillin, and ampicillin is the more active, and hence therapeutically preferable, against all organisms except Ps. aeruginosa and indole-positive Proteus. Ps. aeruginosa, much the most important of these species, is relatively resistant, and hence only a high-content carbenicillin disc is required.
On the other hand, we suggest that for ampicillin and cephaloridine discs of three contents are advisable to be used as follows: 2 )g for tests of Grampositive organisms from systemic infections; 10 ,ug for tests of more resistant organisms (eg, coliform) from systemic infections; 30 ,ug for tests of organisms from urine.
The choice of a correct control organism in these three tests is important. For any test of organisms from specimens other than urine, the more sensitive Staph. aureus is required, whether a 2 or 10 ,ug disc is used. The inhibition zones of more resistant organisms will be smaller than in the control cultures, and the organism will be reported as moderately sensitive or sensitive only to high doses. Infections due to more resistant organisms in the urinary tract may respond to normal doses, and the more resistant E. coli control is therefore employed here.
Discussion
The variety of methods in current use in this country, as revealed in the foregoing paper (Castle and Elstub, 1971) 
INOCULUM
The majority test only pure cultures, but 17 % employ direct plating and 30% either method according to the nature of the specimen. The dependability of direct plating depends very much on how it is done: growth must be of the required density and uniformly distributed, and certainly not spread in the usual way so as to produce areas with progressively diminishing numbers of colonies.
When pure cultures are used, a surprising number of laboratories state that they make no attempts to control the size of the inoculum. It is even more surprising that neglect of this factor is commonest in teaching hospitals (40%). The resulting growth varies from confluent (a much more frequent type of growth in teaching hospitals than elsewhere) to well separated colonies, although 59% of all hospitals usually obtain dense but not confluent growth, which is widely accepted as the optimum. This is clearly a factor of major importance as a source of error. A heavy inoculum can abolish sulphonamide activity completely, and much reduce the apparent activity of some antibiotics. Steps to regulate the inoculum, preferably so as to ensure dense but not confluent growth, are essential.
SPREADING THE INOCULUM
Another important requirement is uniform distribution. Flooding, which best achieves this, is exclusively used by only 16%, a swab by 14%, and a glass rod by 3 %. The most popular implement is the wire loop, used exclusively by 46% and along with other methods in 15% more. Uniform distribution is very rarely achieved if whole plates are spread with a loop, and inhibition zones on such plates cannot be accurately measured. This can be seen from published illustrations of the results (eg, Schwarz and Brown, 1954) . The abolition of loop spreading would alone be an important step forward.
CONTROL CULTURES
Unless all the conditions of a test are rigidly standard-785 ized, it must be interpreted by comparison with a control culture of an organism of known normal sensitivity. .Only 46% of laboratories prepare such cultures at all, and only a third of these control each test, the remainder using them only for such purposes as checking new batches of discs or medium. This is clearly another important defect which needs to be rectified.
DISC CONTENT
Discs of a wide range of drug contents are used. Although 78 % of laboratories use higher contents for testing organisms from the urinary tract, this can account for only some of the differences. Many of the amounts are very high, and could produce fairly wide zones of inhibition even of a clinically resistant organism. Nearly all laboratories were in favour of international standards for disc contents, and everyone must agree that far greater uniformity is desirable.
CHOICE OF DRUGS TO TEST
An extraordinary variety of practice is also shown in the tables stating the frequency with which various drugs are tested in urinary, staphylococcal, and 'other' infections. Detailed analysis of these data is prohibited by considerations of space, but it may be pointed out that-some of the choices are of drugs inapplicable to their purpose (nitrofurantoin and nalidixic acid for organisms not from urine, framycetin for organisms from urine, and polymyxin or nystatin for staphylococci), and many others are superfluous since they should be covered by a single test with another drug of the same group. Thus there is no point in testing a staphylococcus with ampicillin as well as penicillin, since resistance if any will be to both. As shown earlier in this paper, a disc test with cloxacillin may not reveal resistance in a staphylococcus, and resistance to this drug should be deduced from a special test with methicillin. Nevertheless, only 84 laboratories used-methicillin and 162 used cloxacillin in first-line testing. Likewise only one tetracycline need be tested.
Even allowing for special types of use and for any reasonable personal predilections, these lists could evidently be cut severely.
In the light of the results of this inquiry, and on the basis of studies reported in this paper, we venture to suggest the performance of sensitivity tests by the following methods.
Recommended Proceedings

MEDIUM
The medium used should be free so far as possible of inhibitors (particularly oftetracycline, sulphonamide, and trimethoprim activity). Of the three tested WST alone is entirely free of sulphonamide and trimethoprim inhibitors. On the other hand the inhibitors in DST can be neutralized by the addition of only a small amount of horse blood. Welicotest has the advantage of enabling tests of sulphonamide and trimethoprim sensitivity to be performed in countries where horse blood is unobtainable, but further experience of its practical use may be desirable. This medium and DST are products of single manufacturers and can be relied on to be of constant composition. Mueller-Hinton agar is a more variable product, as the present observations show, and has another serious drawback in the indefinite zones produced by aminoglycosides in cultures of E. coli. We regard it as the least satisfactory of the three.
Blood should be added to promote adequate growth of Strept. pyogenes and pneumococci, heated blood for H. influenzae and lysed blood for tests including sulphonamides (except to Wellcotest). Whenever such an addition is made, there should naturally be a control culture of a standard sensitive organism on the same medium.
TESTS IN PRIMARY CULTURE
These are only advisable when the organisms present are such as will grow well on a sensitivity test medium. All organisms commonly found in urine will do so, and if microscopy indicates the presence of infection, tests in primary culture of urine are to be commended. A simple diagnostic culture should be made in addition. Most specimens of pus can satisfactorily be treated in the same way.
The most reliable method is the Stokes plate (Stokes, 1968; Garrod and O'Grady, 1971) on which a wide area across the centre is inoculated with the specimen and areas on either side with the control culture, discs (two on each side) being placed on the line separating the two inocula. A test so performed is illustrated in Figure 4 . This method is unique in controlling the performance of each disc, as well as producing test and control inhibition zones in immediate juxtaposition, thus facilitating comparison. The difficulty of ensuring growth of the required density has been much exaggerated. Uniform distribution is best achieved with a swab. Any unsatisfactory test should be repeated with a pure culture.
This method can also be used for tests of pure cultures, and is preferable to any other when few drugs are applicable and an unusual control organism is required. Thus in tests of Ps. aeruginosa not more than four drugs are worth testing (Table IV) and the control should be not Esch. coli, but a standard sensitive strain of Ps. aeruginosa itself (NCTC 10662) (Waterworth, 1969a Cephalothin may be used instead of cephaloridine, or clindamycin instead of lincomycin.
In addition to the 16 drugs named, nalidixic acid and nitrofurantoin may be used in tests of organisms from urine, but only for this purpose. Cloxacillin and flucloxacillin are excluded, because resistance to these drugs and to cephaloridine in staphylococci should be determined by a special test with methicillin only (see text).
L. P. Garrod and Pamela M. Waterworth reduction of numbers commonly used must follow acceptance of a conclusion reached earlier in the paper, namely, that a test of the sensitivity of a staphylococcus to methicillin gives a result not only applicable to all penicillinase-resistant penicillins and cephalosporins, but more indicative of resistance than a test with any of these other antibiotics themselves. Excluding drugs used for special purposes (mycoses, tuberculosis, etc) this leaves a list of 16, given in Table IV , together with suggestions with regard to those indicated for first-line testing against common bacterial species or genera. These are chosen on a basis of superior activity in vitro and known therapeutic applicability, but individual workers may prefer to vary these lists. We are mainly concerned to point out that intelligent choice can limit the number of drugs in a primary test to six, or at the most eight, and it will not often be necessary to follow this with more. Table IV is based on one given by Garrod and O'Grady (1971) (Waterworth, 1969b 
